Rare earth elements such as neodymium and dysprosium have a substantial supply risk. Yet these elements are needed for NdFeB magnets that are indispensable for clean energy applications such as hybrid/electric vehicles and wind turbines. In order to attenuate the supply risk, recycling of NdFeB magnets from end-of-life (EOL) products is a promising alternative. Life Cycle Assessments (LCAs) have been performed for NdFeB magnets produced from newly mined ("virgin") material and for magnets produced using a magnet-to-magnet recycling process. A comparison of the results shows that the value recovery system has significantly less environmental impact than virgin production. © 2016 The Authors. Published by Elsevier B.V. Peer-review under responsibility of the scientific committee of the scientific committee of the 23rd CIRP Conference on Life Cycle Engineering.
Introduction
Neodymium-Iron-Boron (NdFeB) based permanent magnets are indispensable for today's technology-driven society, and this dependence is likely to increase. They are used in a variety of applications such as robotic systems, home appliances, and a wide range of consumer electronics. When compared to other permanent magnets, such as Alnico and Ferrite, NdFeB magnets offer substantially stronger magnetic fields per volume, which make them suitable for high performance products with compact designs. NdFeB magnets are especially important for clean energy products such as (hybrid) electric cars and wind turbines. Additionally, the environmental footprint of an NdFeB-magnet motor is reported to be less than that of a Ferrite-magnet motor [1] . With recent surges in demand for clean energy and miniaturized product design, the call for NdFeB magnets is rapidly growing.
The key elements in manufacturing NdFeB magnets are rare earth elements (REEs) such as neodymium and dysprosium. These elements have been subject to significant supply shortfalls in the recent past. REE and NdFeB magnet production is dominated by China [2, 3] , and the risk of this monopoly has been widely recognized. For example, in 2010, Japan experienced a critical shortage of REEs due to a geopolitical conflict with China. Various restrictions have been in place at different times: production quotas, export quotas, and taxes, to name a few. These all serve to limit the global availability of REE. As a result, the market price for REEs increased dramatically. In 2009, the price of neodymium oxide rose from $19.1/kg to $234.4/kg in 2011, and that of dysprosium oxide rose from $115.7/kg to $1449.8/kg during the same period [4] .
Recycling NdFeB magnets presents a promising approach for alleviating the supply risk. The supply potential of recycling may be measured by the quantities of materials used in various end-of-life (EOL) products. For example, the amount of neodymium and dysprosium present globally within in-use devices is almost four times their annual extraction rate [5] . When the products containing these REEs reach their EOL, the REEs may enter the recycling stream. In comparison to virgin production, recycling NdFeB magnets eliminates the most capital intensive and environmentally detrimental aspects of the production processes including ore mining, beneficiation, leaching, and solvent extraction. Recycling also avoids unwanted byproducts such as thorium and uranium, which are intrinsic to mining REEs and so to virgin production. Recycling does have its own problems however; the requirement for a magnet harvesting infrastructure and material recovery does increase costs, but is necessary in order to obtain magnets in sufficient quantities from EOL to act as a feedstock.
Despite all the benefits of recycling NdFeB magnets, its environmental impact has not been studied sufficiently in the existing technical literature. With this in mind, this paper investigates a life cycle assessment (LCA) of two processing alternatives: virgin production of NdFeB magnets and a pathway that includes NdFeB magnet-to-magnet recycling. These two alternatives are compared.
Literature review
Various recycling approaches for the recovery of sintered NdFeB magnets have been explored by industry and academia. These include direct reuse, waste-to-REE, wasteto-alloy, and magnet-to-magnet approaches. Except direct reuse, these processes may use hydrometallurgical methods, pyrometallurgical methods, gas-phase extraction, or hydrogen decrepitation, to name a few. The advantages and disadvantages of these methods are discussed elsewhere [6] .
Akahori et al. [7] investigated the environmental impacts of recycling REEs from NdFeB magnets using pyrometallurgical and hydrometallurgical processes. The results revealed that hydrometallurgical processes have a lower environmental impact than pyrometallurgical processes due to a decrease in material losses and electricity consumption. However, both methods were reported to generate more waste, and consume more energy (for hydrometallurgical processes) or chemicals (for pyrometallurgical processes), when compared to processes like hydrogen decrepitation [6] .
Sprecher, et al. [8] compared the environmental impact of producing virgin NdFeB magnets to producing recycled NdFeB magnets from waste computer hard disk drives (HDDs) using hydrogen decrepitation. The results showed that recycling in general was more favorable to the environment, and this was especially true for manual dismantling as opposed to shredding HDDs. However, the study was based on laboratory scale recycling processes, which may not accurately represent commercial scale production of recycled NdFeB magnets. In addition, manual dismantling was reported to be cost prohibitive when HDDs were disassembled to a level that enables extraction of the NdFeB magnets [9] .
In order to perform a more comprehensive LCA, this paper investigates a recycling process that is currently operational in industry. The focus is on a magnet-to-magnet recycling method that was recently shown to function at a commercial scale [10] . This technique reportedly has substantial advantages over other recycling methods. It enables a large degree of control over the magnetic properties of the final recycled sintered NdFeB magnet. In addition, the magnet-tomagnet approach simultaneously recycles all of the metals present in sintered EOL NdFeB magnets. Moreover, it potentially allows for the development of a closed-loop recycling system for REE-based magnets, considerably reducing the emissions generated by the traditional extraction and processing of the REEs and transitional metals used in these magnets. One problem with the existing material and energetic analysis of this recycling pathway [11] is the lack of a complete accounting for the energy and environmental costs associated with automated dismantling and recovery of the EOL magnets that will be used as a feedstock. This problem is addressed herein.
Life cycle inventory
To evaluate the environmental impact of virgin and recycled NdFeB magnets, a comparative LCA was performed, in accordance with the international standards -ISO 14040 and ISO 14044 [12, 13] . The comparison was based on producing 1kg of virgin NdFeB magnets and 1kg of recycled NdFeB magnets suitable for high temperature applications such as in electric vehicle motors. Table 1 compares the magnetic properties of virgin and recycled magnets used in this study. As can be seen, the recycled magnet has slightly improved performance relative to the virgin magnet. Table 2 shows the material compositions of these two magnets. Notably, the recycled magnet contains about 36% less dysprosium (Dy) than the virgin magnet. The material composition for the recycled magnet was obtained via inductive coupled plasma (ICP) measurements and verified by a third party. The system boundary of this study was cradle to gate, which covers the life cycle from resource extraction (cradle) to the factory gate. This boundary was chosen because the use phase and end-of-life scenario are assumed to be the same for both virgin and recycled magnets, and thus are excluded from this study. Figure 1 shows the general material flow. Red and green boxes indicate the processes specific to virgin production (red) and the magnet-to-magnet recycling approach (green). It should be noted that recycling obviates the need for disposal of NdFeB magnets at the end of the use cycle, and thus, should be given additional environmental credits for recycled magnets. However, this credit is not included in this paper due to a lack of suitable data. Figure 2 shows a detailed process diagram for virgin NdFeB magnet production and magnet-to-magnet recycling processes. As can be seen, the recycling route has fewer process steps compared to virgin production. In the latter case, the elements used to create the NdFeB microstructure are mined and purified for further processing. The elements are strip casted, crushed, milled, and formed into a sintered NdFeB magnet.
For recycled magnet production via the magnet-to-magnet recycling process, waste EOL NdFeB magnets are collected and cleaned of impurities so they may be used as a feedstock in the recycling process. The magnet-to-magnet recycling approach employs strip casting solely to produce the proprietary alloy used to restore or enhance the magnetic properties according to end use requirements. The quantities of materials involved are very small; 3 at.% in our comparative example.
Instead of going through the virgin production process of crushing, the recycled materials are combined in a hydrogen mixing reactor, milled further, and formed under different processing and technical parameters than the virgin production route to produce the NdFeB sintered block. Once the block is formed, the cutting, coating, and magnetization process are similar to the virgin production process.
Virgin magnet production
For virgin production, the life cycle inventory (LCI) by Sprecher, et al. [8] was utilized. Accordingly, the associated processes are as follows.
Neodymium production REEs are mined to capture rare earth oxide (REO) at 4.1% concentration via drilling and blasting. The ore is then crushed and ground in a beneficiation process. Magnetic separation, froth flotation, and table separation are applied to remove the iron and other minerals to obtain a concentrate containing 61% of REO concentrate. Acid roasting is followed, in which the REO concentrate is converted into water-soluble RE2(SO4)3. The rare earth content is further enriched via a leaching process to obtain 92% RECl3. Then individual REOs are separated from each other by a solvent extraction process. Finally, Nd2O3 is dissolved into fluoride based molten salt and electrolyzed to produce pure neodymium metals.
Virgin NdFeB magnet production The first step in virgin NdFeB production is strip casting. Materials such as iron, boron, aluminum, copper, cobalt, and rare earths are melted together in order to produce NdFeB alloy flakes. The materials are carefully selected in order to achieve the desired magnetic properties shown in Table 1 . The NdFeB flakes are exposed to hydrogen to pulverize the material and reduce the overall jet milling time required to obtain small particles. The NdFeB particles are then aligned and pressed to create solid blocks. They are vacuum sintered, ground, and sliced to form specified shapes of NdFeB magnets. Finally, the magnets are coated via electroplating, magnetized and tested.
During this entire process, the material input/output and energy consumption data is based on Sprecher, et al. [8] , and updated with industry data.
Magnet-to-magnet recycling
The magnet-to-magnet recycling process presented in this paper extends work previously described by Zakotnik et al. [14, 15] .
NdFeB magnet collection & cleaning EOL NdFeB magnets are first collected, cleaned, and decoated. In this paper, the LCA assumes that EOL HDDs are collected from data centers located all over the United States. Regional collection centers are typically situated up to 180km away from the data centers, and so an average of 90km of travel distance was assumed in the modeling. HDDs were assumed to be dismantled via an automated dismantling system to efficiently retrieve NdFeB magnets. Byproducts such as printed circuit boards and other material streams (e.g., steel and aluminum) were assumed to be recovered and sold separately. The collected magnets were then shipped to the recycling facility, where they are demagnetized and cleaned (removal of surface coatings). The distance traveled at this stage was estimated to be 1600km on average.
Recycled NdFeB magnet production In order to further model the recycling process, the data presented in Zakotnik and Tudor [10] was employed. Clean EOL NdFeB magnets were homogenized with a proprietary mix of virgin elements [16] using a hydrogen-mixing reactor, and a process referred to as grain boundary modification (GBM) was applied. After the EOL materials and GBM elements are mixed, the blended powders are subjected to further milling and homogenization. The technical and processing parameters of these latter steps are proprietary and differ from the equivalent steps employed during virgin magnet production. The resulting recycled NdFeB sintered block produced invariably displays equivalent or superior magnetic properties to the comparable virgin block, despite containing substantially less Dy content. The recovery of REEs during recycling is 90% or better, and the total amount of virgin rare-earth material used in the process is less than 5% of starting material, reducing the energy and mining impacts of this activity.
The associated material and energy input/output data was provided by the manufacturer to complete the LCI of the magnet-to-magnet recycling process, but is not disclosed herein to protect intellectual property.
It is to be noted that primary data was used to characterize magnet-to-magnet recycling, whereas for virgin production, significant amounts of secondary data [8] were employed. Concerns relating to the quality of different data sources are an issue that must be considered in interpreting the analysis of this paper.
Life cycle impact assessment
SimaPro version 7.1 software was used as well as the Ecoinvent 2.0 database to perform the LCA. TRACI (Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts) was selected as the assessment method. TRACI was developed by the U.S. Environmental Protection Agency, and is widely used for conducting LCAs. The mandatory elements of life cycle impact assessment (LCIA) [13] were included: i) selection of impact categories, category indicators, and characterization models, ii) assignment of LCI results (classification), and iii) calculation of category indicator results (characterization). Optional elements such as normalization, grouping, and weighting are beyond the scope of this paper. In addition, the price based allocation technique was adopted whenever byproducts were incurred to estimate the environmental impact of specific materials and components. Figure 3 shows the SimaPro results in terms of the environmental impact of producing virgin (red) and recycled (green) NdFeB magnets. As is evident from the figure, the recycling approach has significantly less environmental impact than the virgin magnet production in all of the impact categories. Fig. 3 . Impact assessment for virgin (red) and recycled (green) NdFeB magnet production. Table 3 shows the specific response for each impact category. The magnet-to-magnet recycling approach has about 31% to 55% of the environmental impact of the virgin magnet production per category. The biggest difference appears to be in smog formation, and the smallest difference arises in acidification. 
Interpretation
In this section, the biggest emissions per impact category and processes that contribute the highest impact per category are identified. The emissions that most significantly affect the impact categories are summarized in Table 4 . Notably, sulfur dioxide is the biggest emission for both acidification and respiratory effects. Nitrogen oxide emission is the most significant emission for both eutrophication and smog. Carbon dioxide from fossil fuel is the biggest source for global warming; arsenic and lead have the biggest impact in carcinogenics and non-carcinogenics, respectively; methane, bromotrifluoro-, halone 1301 is the biggest emission for ozone depletion; and aluminum is the most significant source for ecotoxicity. In virgin magnet production, the process of burning hard coal in power plants has the highest impact for global warming and acidification due to high carbon dioxide and sulfur dioxide emissions. This process also contributes the most to carcinogenics, respiratory effects, eutrophication, and smog. Blasting has the highest impact in non-carcinogenics; disposal of hard coal ash contributes most to ecotoxicity; and crude oil production has the highest impact in ozone depletion.
On the other hand, for magnet-to-magnet recycling, the majority of the significant processes are associated with virgin materials added to recover and/or enhance the magnetic properties. As was mentioned in Section 3.2, virgin materials such as neodymium and praseodymium are added at the strip casting stage for improved functionality of recycled NdFeB magnets. However, because the quantities are relatively small, the recycling approach creates significantly less environmental impact than virgin magnet production, and thus, the processes of adding virgin materials become the biggest contributor for a majority of the impact categories: carcinogenics, noncarcinogenics, ozone depletion, ecotoxicity, and smog. To be specific, copper added during the recycling process has the biggest impact for carcinogenics; uranium generated during ore mining has the biggest impact for ozone depletion; blasting (again for mining) contributes the most to noncarcinogenics, ecotoxicity, and smog. For acidification and respiratory effects, nickel added as a coating material has the biggest impact. For the rest of the impact categories -global warming and eutrophication, the processes of hard coal burning in power plants and crude oil produced onshore have the biggest impacts, respectively.
In summary, the process of burning hard coal in power plants contributes the most to a majority of the impact categories for virgin magnet production, and the process of adding virgin materials contributes the highest impact to a majority of the impact categories for the magnet-to-magnet recycling approach.
Conclusions
This study aims to assess the environmental impact of NdFeB magnet-to-magnet recycling as opposed to producing new magnets using virgin materials. The results show that the magnet-to-magnet recycling approach has significantly less environmental impacts than virgin magnet production, while the recycled magnets offer stronger magnetic performance and better microstructure than the virgin magnets under comparison. The biggest emissions and processes that affect the LCA results are also identified.
Although this study does not provide an exact quantitative measurement of each environmental impact, due to the assumptions and uncertainties inherent to LCA, it delivers a qualitative, 'relative magnitude' comparison of environmental impacts for virgin versus recycled magnet production. This understanding may assist companies and policy makers in developing and/or advocating for new NdFeB magnet applications. 
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